Background: Although the standard treatment for the patients with recurrent and metastatic prostate cancer (CaP) is androgen deprivation therapy, castration-resistant prostate cancer (CRPC) eventually emerges. Our previous report indicated that bone morphogenetic protein 6 (BMP6) induced CRPC via tumour-infiltrating macrophages. In a separate line of study, we have observed that the WNT5A/BMP6 loop in CaP bone metastasis mediates resistance to androgen deprivation in tissue culture. Simultaneously, we have reported that BMP6 induced castration resistance in CaP cells via tumour-infiltrating macrophages. Therefore, our present study aims to investigate the mechanism of WNT5A and its interaction with macrophages on CRPC.
Prostate cancer (CaP) is the second leading cause of cancer death in men in the United States (Siegel et al, 2017) . Since the androgen receptor (AR) signalling is critical for growth of both normal and malignant prostate epithelial cells, androgen deprivation therapy (ADT) is the standard therapy for recurrent and metastatic CaP. Although an overwhelming majority of the patients are responsive to ADT initially, castration-resistant prostate cancer (CRPC) inevitably develops. Currently, there are several mechanisms for the induction of CRPC, including intracellular androgen synthesis, crosstalk among molecules in AR and other signalling pathways, and amplification and/or overexpression of AR (Egan et al, 2014) . In addition, it is also suggested that tumour microenvironment plays an important role in androgen sensitivity and progression of CaP via pro-inflammatory cytokine, IL-6 (Chun et al, 2009 ). In particular, it was reported that the interaction between tumourinfiltrating macrophages and CaP cells mediates androgen resistance (Zhu et al, 2006) . Similarly, our previous reports also suggested that tumour microenvironments, including infiltration of macrophages into the bone stromal environment, are critical mediators for inducing castration resistance via WNT5A and its interaction with BMP6 (Lee et al, 2013a (Lee et al, , 2014 .
WNT signalling is comprised of 19 secreted glycoproteins identified as regulators of embryogenesis, development, cell proliferation, and differentiation. WNT transduces a signal through two different manners: (1) canonical b-catenin dependent and (2) non-canonical b-catenin independent pathways. In the canonical b-catenin dependent pathway, WNT1, 3a, and 7 bind receptor complex between FZD family and WNT co-receptors. This ligand-receptor complex inhibits GSK-3b and b-catenin from translocating into the nucleus for regulation of gene expression (Baron and Kneissel, 2013) . On the other hand, in the noncanonical pathway, WNT5A, 5b, and 11 are responsible for activating the signalling cascade (Minami et al, 2010; Sandsmark et al, 2017) . In particular, it was reported that WNT5A binds to ROR2 a member of Ror receptor tyrosine kinase family and activates JNK/c-Jun, Src and Ca þ þ signalling for regulating gene expression (Schambony and Wedlich, 2007; Nomachi et al, 2008; O'Connell et al, 2010; Hasegawa et al, 2017; Stricker et al, 2017) .
Aberrant expression of WNT5A has been reported with several cancers (Weeraratna et al, 2002; Kurayoshi et al, 2006; Pukrop et al, 2006; Miyamoto et al, 2015) ; however, discrepancies exist with regards to the role of WNT5A in cancers affecting different organ system. For example, WNT5A functions as a tumour suppressor in colon cancer, breast cancer, neuroblastoma, and leukaemia (Liang et al, 2003; Blanc et al, 2005; Dejmek et al, 2005; Leris et al, 2005) . On the other hand, high expression of WNT5A was associated with tumour progression in several cancers (Kurayoshi et al, 2006; Da Forno et al, 2008; Bellon et al, 2013) . In CaP, it has been observed that elevated level of WNT5A is highly correlated with high Gleason score and biochemical relapse (Yamamoto et al, 2010) . Mechanistically, there is evidence of WNT5A regulating metalloproteinase via Ror2 and Jun-Nterminal kinase for acquiring tumour aggressiveness (Yamamoto et al, 2010) . In addition, the tumourigenic characteristics of WNT5A is further supported as it stimulates production of inflammatory cytokines and chemokines in endothelial cells, monocytes, bone stromal cells, and cancer cells (Rauner et al, 2012; Jung et al, 2013; Li et al, 2014) via mitogen-activated protein kinase (MAPKs), Akt, and NF-kB signalling pathways.
During the process of tissue remodeling, inflammation, and immunologic response, macrophages are intricately involved as phagocytic cells clearing apoptotic cells. Recent reports demonstrated that high infiltration of macrophages within tumours, called tumour associated macrophages (TAM), showed poor prognosis in CaP (Lissbrant et al, 2000) . Accumulation of CC chemokine ligand 2 (CCL2), CC chemokine ligand 3 (CCL3), CC chemokine ligand 4 (CCL4), CC chemokine ligand 5 (CCL5), and CC chemokine ligand 8 (CCL8) in the tumour microenvironment was also associated with high levels of macrophage infiltration in various types of malignancies, including CaP (Negus et al, 1997; Azenshtein et al, 2002; Loberg et al, 2007; Szebeni et al, 2017) . Among many chemokines, CCL2, a polypeptide composed with 76-amino acid and a member of C-C chemokine family, is known to recruit monocytes, macrophages, and other immune cells to inflammatory sites. Functionally, CCL2 is involved in regulating tumour cell growth by regulating infiltration of macrophages into tumours, promoting osteoclast maturation, and suppressing cytotoxic lymphocytes in CaP (Loberg et al, 2007; Zhang et al, 2010; Wu et al, 2017) .
In this study, we have investigated the role of WNT5A in the induction of CRPC. We report that the overexpression of WNT5A induces CRPC with the mediating effects of CCL2 and infiltration of macrophages.
MATERIALS AND METHODS
Mice and cell culture. Athymic nude mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA). The study was approved by the Institutional Animal Care and Use Committee at the Rutgers Robert Wood Johnson Medical School. Tumour size was measured using calipers and tumour volume was calculated using the formula: tumour volume ¼ length Â width 2 /2. WNT5A/ LNCaP cells were subcutaneously injected into five mice per group. The mice were fed with water containing 2 mg/ml of doxycycline (Sigma-Aldrich, Saint Louis, MI, USA) in 5% sucrose to induce WNT5A. For systemic removal of macrophages, the mice were injected with 0. 
Immunoblot and enzyme-linked immunosorbent assay. The CaP cells were collected and lysed with lysis buffer (20 mM TrisHCl (pH 7.5), 150 mM NaCl, 1 mM Na 2 EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na 3 VO 4 , 1 mg/ml leupeptin) with 1 mM phenylmethylsulfonyl fluoride (PMSF). The cell lysates were centrifuged and supernatant was used as proteins. Overexpression and knockdown of ROR2. Flag-ROR2 construct (Gao et al, 2011) was given from Dr. Yingzi Yang (Harvard School of Dental Medicine, Boston, MA, USA) as a gift. ROR2 MISSION shRNA was purchased from Sigma-Aldrich (St. Louis, MO, USA). ROR2 shRNA lentiviral supernatant was generated with ViraPower Lentiviral Packaging Mix (Thermo Fisher Scientific, Waltham, MA, USA), and this was used to infect LNCaP cells. The expression of ROR2 was analysed using quantitative RT-PCR and immunoblot.
Immunofluorescence for human CaP tissue microarray and mouse tumour. After receiving Institutional Review Board (IRB) approval, human tissue microarray (TMA) was generated at the Department of Pathology at the Rutgers Cancer Institute of New Jersey. Prostate specimens from patients with localized CaP who underwent radical prostatectomy at the Rutgers Robert Wood Johnson University Hospital between study period between 2011 and 2013 were considered for the construction of a TMA. After performing cylindrical core biopsies, 100 prostate tissues that met the quality control standards were embedded in paraffin blocks and were subsequently stained with haematoxylin and eosin. Cases were dichotomized into two groups as follows: Gleason 3 þ 4 or lower vs Gleason 4 þ 3 or higher (Epstein et al, 2016 received from Dr Christina Jamieson (University of California, San Diego, CA, USA). The total RNA samples of LuCaP patientderived xenografts were provided by Dr. Colm Morrissey (University of Washington, Seattle, WA, USA) and reverse transcribed for synthesis of cDNA. All cDNA was analysed with quantitative PCR.
Quantification of human TMA and mouse tumour specimens. The TMA and mouse tumour slides were scanned using Olympus VS120 Florescence/Bright-field whole slide scanner (Olympus Scientific Solutions Americas Corp., Waltham, MA, USA) after staining with the appropriate antibody. All scanned cores or slides were individually quantified using NIH ImageJ V1.50i (NIH, Bethesda, MD, USA). Values were represented as mean fluorescence intensity (MFI).
Statistical analysis. Student's t-test was used for analysing continuous variables while w 2 -test was used for analysing categorical variables. All statistical analyses were done with SPSS, version 21 SAS, version 9.4 with 2-sided Po0.05 considered significant. All in vitro experiment was performed at least three times.
RESULTS

WNT5A induces castration resistance in prostate cancer cells.
To investigate the role of WNT5A in castration resistance, WNT5A/LNCaP cells were generated and the expression of WNT5A was confirmed with tetracycline (Tet) treatment (Supplementary Figure S1A and B) . When the clones were cultured with tetracycline, there were no significant differences in cell growth between Tet ( À ) and Tet ( þ ) groups (Supplementary Figure S1C) . Due to most high induction by WNT5A by tetracyclin, the selected cells (clone 3) were subcutaneously injected into each nude mouse. When WNT5A was overexpressed in tumours by administering doxycycline via the drinking water, LNCaP cells became resistant to castration ( Figure 1A) . No significant histopathological difference in tumour was noted between Doxy ( À ) and Doxy ( þ ) groups ( Figure 1B ). Since our previous report suggested that BMP6 leads to CRPC via macrophages, the expression of BMP6 and CCL2 were also analysed. The mRNA levels of both BMP6 and CCL2 were increased in WNT5A overexpressing tumours ( Figure 1C ). WNT5A overexpressing tumours had greater numbers of infiltrating macrophages and high levels of CCL2, BMP6, and WNT5A ( Figures 1D and E, Supplementary Figure S2 ) by IF.
WNT5A promotes CCL2 expression in hormone sensitive cells. On the basis of the previous report that WNT5A promotes the expression of cytokines and chemokines in human cells (Rauner et al, 2012; Li et al, 2014; Zhao et al, 2014b) , androgensensitive human CaP cells were treated with recombinant WNT5A protein. In 22Rv1 and LNCaP cells, Wnt5A induced CCL2 mRNA and protein in a concentration-dependent (Figure 2A and B) and time-dependent manner ( Figure 2C and D) . This finding was replicated in an additional hormone sensitive human CaP cell line, LAPC4 (Supplementary Figure S3) . Secreted CCL2 in culture medium was 319 pg/ml by ELISA after treating LNCaP cells with 100 ng/ml of recombinant WNT5A (Supplementary Figure S4) . In addition, when WNT5A was overexpressed in WNT5A/LNCaP cells, a threefold increase in CCL2 mRNA from baseline was observed (data not shown). To elucidate the mechanism of CCL2 induction by WNT5A, WNT5A/LNCaP cells were treated with cycloheximide and actinomycin D. Semi-quantitative RT-PCR revealed that CCL2 induction was inhibited by actinomycin D (Figure 2E ). These results suggest that WNT5A regulates the expression of CCL2 at the transcript level.
Receptor tyrosine kinase like orphan receptor 2 (ROR2) mediates ERK activation and regulates CCL2 expression. It has been reported that the expression of WNT5A and ROR2 promotes invasion by regulating matrix metalloproteinase-13 expression (Enomoto et al, 2009) , which is involved with cytokine production in dendritic cells (Sato et al, 2015) . To understand the induction mechanism of CCL2 by WNT5A in CaP cells, the expression of ROR2 in hormone sensitive cells was analysed. ROR2 mRNA and protein were detected in both LNCaP and 22RV1 cells ( Figure 3A) . When the expression of ROR2 was inhibited with shRNA ( Figure 3B ), CCL2 expression was decreased in LNCaP cells. Conversely, the overexpression of ROR2 promoted the expression of CCL2 ( Figure 3C ). Several studies suggested that WNT5A induced the expression of CCL2 in various types of cells via the MAPK signalling pathway (Rauner et al, 2012; Jung et al, 2013; Zhao et al, 2014a, b) . MAPK inhibitors were used to analyse CCL2 expression from WNT5A-treated LNCaP cells. Our results demonstrated that U0126, an inhibitor of extracellular signalregulated kinase (ERK), significantly inhibited mRNA expression of CCL2 in LNCaP cells ( Figure 3D ). SB203580, p38 inhibitor, and JNK inhibitor II had no effect of CCL2 mRNA expression ( Figure 3D ). Recombinant WNT5A treatment increased the level of ERK phosphorylation in LNCaP cells ( Figure 3E ). These observations suggest that WNT5A induces CCL2 expression in LNCaP cells via the ERK signalling pathway.
Removal of macrophages attenuates WNT5A-mediated CRPC.
Because CCL2 is an important mediating factor of CaP growth via macrophage infiltration (Loberg et al, 2007) , the role of macrophages in WNT5A-mediated CRPC development was investigated using macrophage depleting agent (Supplementary Figure S5) , clodronate liposomes (Weisser et al, 2012; Lee et al, 2013a, b) . When macrophages were depleted, the induction of CRPC was significantly attenuated ( Figure 4A ). Histopathologically, however, no significant differences between PBS injected and clodronate injected tumours were found ( Figure 4B ). The mRNA expression of WNT5A and CCL2 were confirmed using semi-quantitative PCR ( Figure 4C ). In IF, a decreased level of macrophage infiltration was detected in the clodronate liposomes injected group when compared to the PBS liposome injected group ( Figures 4D and E) . In addition, a decreased level of CCL2 in the clodronate liposome injected group was likely due to decreased number of macrophage responsible for producing CCL2.
Analysis of patient-derived CaP model and human TMA. To find a clinical relevance of WNT5A in CaP, samples from different patient-derived CaP models, namely LuCaP and PCSD1 (Morrissey et al, 2010; Godebu et al, 2014) , were evaluated. The levels of CCL2, BMP6, and WNT5A were higher in LuCaP 81 (Right pelvic metastasis CaP) and LuCaP 35 (Lymph node metastasis CaP) when compared to the levels in LuCaP 141 (Localized CaP), indicating that these genes may play a role in CaP progression (Supplementary Figure S6) . Moreover, in the patient-derived PCSD1 model, CCL2, ROR2, and BMP6 were highly expressed in intra-femoral transplanted tumours as compared to subcutaneous transplanted tumours ( Figure 5A ) at the mRNA level. This suggests possible involvement of these genes in bone metastasis in CaP. Moreover, the expression of WNT5A, BMP6, and CCL2 were examined in a TMA by IHC (N ¼ 100) ( Figure 5B and Supplementary Figure S7 ). Comparing tumours with high Gleason scores (4 þ 3 or higher) to lowGleason score (3 þ 4 or lower), the expression of WNT5A, BMP6, and CCL2 were higher in the high Gleason group (27.0 vs 37.2; 47.4 vs 60.0; 25.0 vs 43.3, respectively; all Po0.05) (Table 1) . Collectively, these results support our hypothesis that WNT5A expression is associated with aggressive disease (Supplementary Figure S8) .
DISCUSSION
With the growing body of evidence demonstrating a strong association between WNT5A expression and aggressive CaP, we investigated the role of WNT5A in CaP in vivo. The overexpression of WNT5A resulted in the development of CRPC (Supplementary Figures S9 and S10 ), but the resistance was inhibited by the removal of macrophages. Our in vitro study revealed that WNT5A promoted the expression of CCL2 in androgen-sensitive cells in the ERK-MAPKs signalling pathway via Ror2. We previously reported that macrophages and bone stromal environment modulate androgen sensitivity, but the role of WNT5A in CRPC remained to be determined (Lee et al, 2014) . Our present in vivo study result suggests that WNT5A contributes to the induction of lethal CRPC. To further demonstrate clinical implications of this finding, higher expression levels of WNT5A, BMP6, and CCL2 were observed in CaP tissues with high Gleason score (X4 þ 3) as compared to CaP tissues with low-Gleason score (p3 þ 4). Moreover, higher levels of CCL2, ROR2, and BMP6 were observed in the intra-femoral transplanted PCSD1 tumours than subcutaneous-transplanted tumours, indicating the potential association of these genes with bone metastasis. These results along with the previously published literature provide evidence for our hypothesis that high levels of WNT5A may promote castration resistance in CaP.
Although our results suggest pro-tumourigenic role of WNT5A in CaP, a recent publication reported that WNT5A has anti-CaP effects in vivo (Thiele et al, 2015) . There are two potential explanations for this observed discrepancy. First, different experimental systems were used. Thiele and colleagues used a transient WNT5A overexpression system, which showed expression levels peaking at 2 days, followed by a gradual reduction (Thiele et al, 2015) . In our study, the tetracycline inducible overexpression system allowed a constant level of WNT5A in tumours. Second, similar to TGF-b, WNT5A may behave as a bifunctional gene that functions differently based on the tumour stage. It has been well established that TGF-b functions as a tumour suppressor in the early stages of tumour, but as an oncogene in the advanced stages by promoting immune suppression, angiogenesis, and epithelial mesenchymal transition (Meulmeester and Ten Dijke, 2011) . Similarly, in the more advanced form of CaP, it is possible that WNT5A is likely an oncogene based on our study. Nonetheless, additional studies are underway to understand the precise role of WNT5A in CaP. Bone metastasis is frequently observed among patients who suffer from advanced CaP, but the exact mechanism is yet to be elucidated. Our present and previous studies provide some insight into the mechanism by introducing potential genes of interest in bone metastasis in CaP. Our previous report suggested that bonetumour interactions function as a critical mediator for CRPC via WNT5A and BMP6 expression in the bone stromal cells and CaP cells, respectively (Lee et al, 2014) . In addition, it has been demonstrated that BMP6 induced CRPC via the infiltration of macrophages (Lee et al, 2013a) . In this study, the PCSD1 boneniche xenograft model was established from CRPC patients with bone metastasis (Godebu et al, 2014) . Intra-femoral transplanted PCSD1 tumours produced higher levels of CCL2, ROR2, and BMP6 compared to subcutaneous-transplanted tumours, further supporting the association between bone metastasis and the interplay of the above genes. Once CaP cells migrate to the bone, CaP cells are stimulated by WNT5A to produce CCL2 and BMP6 by WNT5A. While BMP6 induces CRPC (Lee et al, 2013a (Lee et al, , 2014 in cancer cells, CCL2 recruits macrophages on tumour sites and promotes CRPC induction. Through this array of events, it is proposed that WNT5A promotes bone metastasis in CRPC (Figure 6 ).
It should be noted that several limitations exist in testing the proposed mechanism in this study. Since hormone sensitive LNCaP does not metastasize to the bone in mice via orthotopic, intracardiac, or tail vein injection (Pettaway et al, 1996) , an appropriate in vivo model for testing our proposed mechanism could not be used. Since athymic nude mice were used in this study, it did not consider the role of adaptive immunity on CaP. Despite these limitations, our present study not only confirms the previously reported correlation between WNT5A and BMP6, but also established other associations with CRPC and bone metastasis.
In conclusion, this study suggests that WNT5A induces CRPC by mediating macrophage infiltration. A mechanistic study revealed that WNT5A induced the expression of CCL2 in androgen-sensitive CaP cells by the activation of ERK signalling pathway. In addition, the hypothesis of this study that WNT5A is associated with induction of CRPC the most aggressive type of CaP was further supported from patient-derived CaP xenograft models and our tissue microarray.
